Unidirectional ceisian matrix composites having -42 volume percent of uncoated or BN/ SiC-coated Hi-Nicalon fibers were tested in three-point bend at room temperature. The uncoated fiber-reinforced composites showed catastrophic failure with strength of 210 + 35 MPa and a flat fracture surface. In contrast, composites reinforced with BN/SiC-coated fibers exhibited graceful failure with extensive fiber pullout. Values of first matrix cracking stress and strain were 435 + 35 MPa and 0.27 _+0.01%, respectively, with ultimate strength as high as 960 MPa. The elastic Young's modulus of the uncoated and BN/SiC-coated fiber-reinforced composites were measured as 184 _+4 GPa and 165 -+ 5 GPa, respectively. Fiber push-through tests and microscopic examination indicated no chemical reaction at the uncoated or coated fiber-matrix interface. The low strength of the uncoated fiber-reinforced composite is probably due to degradation of the fibers from mechanical surface damage during processing. Because both the coated and uncoated fiber reinforced composites exhibited weak interfaces, the beneficial effect of the BN-SiC dual layer is primarly the protection of fibers from mechanical damage during processing.
INTRODUCTION
Fiber-reinforced ceramic matrix composites are being develope dl'2 for high temperature structural applications in aerospace, energy conservation, power generation, nuclear, petrochemical, and other industries. A number of glass and glass-ceramic matrices reinforced with continuous fibers having high strength and high modulus have been reported 1'2 over the last two decades. Monoclinic celsian is a refractory material showing good oxidation resistance, phase stability up to -1600°C, and low values of dielectric constant and loss tangent. It is, therefore, a promising matrix material [3] [4] [5] for reinforcement with ceramic fibers for high temperature structural composites. Processing and properties of celsian glass-ceramic matrix composites reinforced with large diameter CVD SiC SCS-6 monofilaments, 68 multifilament small diameter Nicalon, 9 and HPZ fibers i°have been described earlier. The details of fabrication of Hi-Nicalon fiber-reinforced celsian matrix composites have been reported elsewhere. 11 In order to achieve stoichiometric composition, the celsian matrix was synthesized 3'11 by solid state reaction between the metal oxides.
The objective of the present study was to investigate the effects of fiber-matrix interface modification on the properties of small diameter Hi-Nicalon fiber-reinforced celsian matrix composites. Room temperature mechanical properties of Hi-Nicalon/celsian and Hi-Nicalon/BN/SiC/celsian composites were measured in three-point flexure. The fiber/matrix interface was characterized by microscopy and also by fiber push-through tests.
MATERIALS

AND EXPERIMENTAL METHODS
Polymer derived Hi-Nicalon fiber tows (1800 denier, 500 filaments/tow) with low oxygen content from Nippon Carbon Co. were used as the reinforcement.
According to the manufacturer, these fibers 12, 13 witha 10timdiameter flatbase. Load-displacement and acoustic emission measurements were collected at50msintervals byacomputer. Thepush through curves consisted of applied loadplotted versus measured displacement (averaged fromtwosymmetrically placed capacitance gauges). Over twenty fiberswere pushed outin different regions ofthespecimen. Tests were performed atroom temperature in ambient atmosphere (relative humidity -50%). thermodynamically stable, monoclinic celsian phase is formed in situ, from the mixed oxide precursor, during hot pressing of the composite. The undesired hexacelsian phase was not detected from XRD. However, the presence of a second matrix phase, not yet identified, is evident from the micrographs of Fig. 1 . The fraction of this phase should be less than -5% as it was not detected by XRD.
RESULTS AND DISCUSSION
Microstructural
Mechanical Properties
The fiber volume fraction in the hot pressed composite panels was calculated to be -0.42.
Typical stress-swain curves recorded in three-point flexure of the composites reinforced with uncoated and BN/SiC-coated Hi-Nicalon fibers are shown in Fig. 2 and 3 , respectively. The stress-strain curve for a hot pressed BSAS monolith is also shown for comparison.
The 
Fiber-Matrix Interface
For tough composites, the fiber-matrix interface must be sufficiently weak to allow debonding at the interface, yet strong enough for effective load transfer from the matrix to the fiber. To help understand the large differences observed in the mechanical behavior of the two composites with different interfaces, differences in fiber debonding and frictional sliding stresses at the fiber-matrix interface were evaluated along with the underlying microstructure. coatin_ solely tofrictional resistance tosliding oftheentire fiber length and is labeled P friction" On continued fiber sliding, the frictional sliding load was fairly stable for the uncoated fiber reinforced composite whereas the frictional sliding loads tended to increase for the BN-SiC coated fiber reinforced composite. Table II summarizes the results of the push-through tests, giving the 95% confidence interval about each mean value. Because of the variation in fiber diameters, applied compressive stress, o = P/(rCr_ber2), is reported rather than applied load, P for fiber-matrix debonding. The average interfacial frictional sliding stress, "[friction' was calculated by simply dividing the applied load, Pfriction' by the nominal contact area between the fiber and the matrix:
where rfiber is the fiber radius, t is the specimen thickness. This equation assumes a uniform interfaciai shear stress along the length of the fiber/matrix interface when the entire length of the fiber is sliding.
Results in Table II surprisingly indicate that the presence of the BN-SiC coating did not have a very pronounced effect on the fiber push-through behavior. Compared to the composite with uncoated fibers, the composite with BN-SiC coated fibers showed a very modest decrease in the applied stress necessary for debond initiation (Oinitia I debond)' and no significant difference in the peak debond stress (Ofinal debond)" Also "[friction values indicate that the uncoated fibers slid more easily after debonding than the coated fibers. This is surprising because the uncoated fiber-reinforced composite showed brittle failure, suggesting a strongly bonded fiber/matrix interface. The most pronounced effect of the BN/SiC fiber coating was the continuous increase in "[friction with additional fiber sliding, whereas "[friction for the uncoated fiber-reinforced composite remain relatively constant.
The increase in "[friction with continued fiber sliding for the BN/SiC coated fiber-reinforced composite, suggests the occurrence of interfacial wear during fiber sliding. 14 A build-up of wear debris between the sliding fiber and matrix would tend to make fiber sliding increasingly difficult. This explanation is supported by SEM micrographs of the pushed-in coated-fibers that consistently showed debris along the exposed matrix-hole-wall resulting from the tearing/shredding of the fiber coating. In contrast, inspection of the pushed-in uncoated fibers showed no such debris.
There was no strong reaction between the uncoated Hi-Nicalon fibers and the BSAS matrix during processing, as supported by the modest applied stresses required to initiate fiber debonding (Table II) To substantiate this, evaluation of fiber strength in the hot pressed composites from measurements of their fracture mirror radii is in progress. Strength of fibers extracted from the composites by leaching away the matrix in HF acid is also being measured. Unidirectional Hi-Nicalon (uncoated) fiber-reinforced lithium aluminosilicate (LAS) glass-ceramic composites con- was observed between the fiber and the matrix during composite processing as indicated by modest stresses required to initiate fiber debonding as well as clean and smooth surfaces of the pushed out fibers.
CONCLUSIONS AND FUTURE RESEARCH
It may be concluded that reinforcement of the monoclinic celsian with BN/SiC-coated Hi-Nicalon fibers results in strong, tough, and almost fully dense composites. However, reinforcement with the uncoated Hi-Nicalon fibers yields a weak composite material probably due to strength degradation of the fibers from surface damage during hot pressing. While both the uncoated and BN-SiC coated fibers provide a weak interface, the BN layer is needed to protect the fibers from mechanical damage. The increased frictional sliding stresses observed for the BN-SiC coated fibers will result in a more effective load transfer from the matrix to the fiber.
Future research will involve the investigation of the mechanical properties (tensile strength, creep, fatigue, etc.) of unidirectional and cross-ply Hi-Nicalon/BN/SiC/celsian composites at elevated temperatures in air and inert environments. The effects of high temperature annealing on room temperature residual strength and fiber-matrix interface bonding will also be studied.
